Accessibility plays a fundamental role in the transport network. First, it relates to all the nodes in the network. Second, it is a crucial instrument for exploring both slow network dynamicscharacteristic of the network supply side (infrastructure development) -and fast network dynamics -typical of the demand side (mobility/communication increase). In fact, accessibility may be used for investigating the (un)even distribution of economic activities, or the (dis)equilibrium in the development of different regional performances. In particular, the accessibility measure can be considered as a first exploratory step in the understanding of people's needs and behaviour, especially in the framework of transport network structures.
Introduction
The concept of accessibility and its measurement has received a great deal of attention in the regional science and transport literature (for a review, see among others, Baradaran and Ramjerdi 2001; Becker et al. 2008; Geurs and van Wee 2004; Reggiani 1988) . Accessibility may be considered as a general concept which tries to encapsulate all the potential benefits that transport investments produce, based on the idea that changes in accessibility resulting from new transport infrastructure investments cause a redistribution of employment and activities between regions (Banister and Berechman 2001; Martin and Reggiani 2007) .
The aim of this paper is to explore the dynamics of commuting accessibility in Germany through different behavioural patterns and preferences at an aggregate level. The different behavioural patterns are investigated by means of different impedance functions. These impedance functions play a crucial role in the spatial modelling (i.e. within the conventional Spatial Interaction models (SIMs)), as well as in the associated accessibility measures. In addition, accessibility is linked to the concept of network, since it relates to all the nodes in the spatial-economic system under analysis. In particular, accessibility refers to the 'properties of the configuration of opportunities for spatial interaction' (Weibull 1980, p. 54 ; see also Section 3). Thus, different types of infrastructure and socio-economic networks might give rise to different accessibility patterns. The question is then whether the accessibility models conventionally used in spatial-economic science are able, first, to grasp the homogeneity/heterogeneity of the spatial system concerned, and, second, to investigate the associated connectivity infrastructure/economic network.
The present paper is organized as follows. Section 2 presents the adopted SIM, which is then used for constructing different types of accessibility functions in Section 3. These empirical experiments refer to the network of home-to-work commuters travelling between 439 German districts, for the years 2003 and 2007. In particular, since our SIM takes into account five different impedance functions (the exponential, exponential-normal, exponential-square-root, log-normal, and power form), five typologies of SIM have been calibrated, and, hence, five typologies of accessibility indicators have been constructed. The emerging values highlight different hierarchical patterns, essentially the accessibility embedding the power-decay form vs. the accessibility derived from the other types of decay functions (exponential, exponential-normal, exponential-square-root, and log-normal form). In particular, the power-accessibility form reveals the most accessible districts to be multiple nodes, dispersed over the country (i.e. Berlin, Hamburg, München, Frankfurt, Köln), while the other four types of accessibility function reveals the most accessible to be only those belonging to the Ruhr area.
The issue whether the most accessible districts are also the most connected is then explored in Section 4 by means of network analysis. This analysis shows that the infrastructure network is quite homogeneous, and that the connectivity pattern matches the power-accessibility hierarchy. This result confirms the good performance of the power-accessibility form for the analysis and forecasting of the German commuting network. Section 5 concludes with final remarks and suggestions for future research.
Spatial Interaction Modelling

Preface
Section 2.2 below presents the Spatial Interaction Models (SIMs) adopted in the empirical experiments (described in Section 2.3) concerning the spatial modelling of commuting in Germany. In particular, five types of SIMs, embedding five different impedance functions (the exponential, exponential-normal, exponential-square-root, log-normal and power form), have been considered and calibrated -for both 2003 and 2007 -in order to extrapolate the coefficients (i.e. the time sensitivity parameters), which makes it possible to construct five different accessibility indicators for both 2003 and 2007 . The comparative analysis of SIMs -and the related accessibility functions -for the years 2003 and 2007 has been chosen for exploring the impact over these years on the location of activities, and thus on the accessibility levels, of recent interventions in the German commuting network, such as the High Speed Train (HST) or new/improved transport connections.
The Adopted Spatial Interaction Models
The first step of our analysis of commuting patterns in Germany is the modelling of spatial flows, in the light of proper forecasts and related policy analyses. In this framework, SIMs have been, in the last century, the central focus of several models and theories, with the aim of describing and predicting the processes or spatial flows emerging as a result of given spatial configurations. SIMs have a long history, starting from their first formulations that assumed analogies with Newton's law of gravity. Later on, SIMs were shown to have a basis in entropy theory and in the utility maximization approach (for a review, see Reggiani 2004) .
For transport planning purposes, SIMs are conventionally used in transport demand analysis, being the basic models for analysing trip generation/attraction, as well as trip distribution.
As a first step of our spatial modelling of commuting in Germany, we adopt an unconstrained SIM of the following type:
In Equation (1), the flows T ij represent the commuting flows (employees) from the origin (district) i to the destination (district) j. They are a function of the outflows O i and of the inflows 1 D j, as well as of the deterrence function ( ) ij f t ; t ij is the travel time between i and j; and the parameter K is a scaling factor. Concerning the form of ( ) ij f t , here five different functional specifications are here taken into account, on the basis of the contributions by Olsson (1980) and Taylor (1971) . These five decay functions are written as follows:
(a) the exponential-decay function:
(b) the exponential-normal decay function:
(c) the exponential-square-root decay function:
(d) the log-normal decay function:
(e) the power-decay function:
where the coefficients β 1, β 2, β 3, β 4, and γ represent the time sensitivity parameters. Interestingly, the aggregate deterrence functions described above are analytically consistent with spatial choice behaviour emerging from micro-economic theory (for example, models (1) and (2) are consistent with multinomial logit models (Anas 1983) , as well as with entropy maximization 2 (Wilson 1967 and 1970) Olsson (1980) , experimented (using model 1) with the power function (6) with reference to commuting in different spatial areas in Sweden (rural vs. agglomerated areas), and found higher negative values of the coefficient γ for rural areas, and less negative γ values for agglomerated zones. Wilson (1967) advised using functions of type (2) for homogenous/isotropous areas, and functions of type (6) in the presence of large agglomeration/metropolitan areas. The potential of the exponential and the power functions (expressed in formulations (2) and (6)) in mapping the homogeneity vs. heterogeneity of spatial economic areas has also been highlighted in the traditional regional science literature by Richardson (1969) , and recently by Willigers et al. (2005) . In fact, an exponential functional form is consistent with the assumption of a constant distance decay parameter for all trip makers -who are then homogenous with respect to this dimension. On the other hand, the power functional form is consistent with a gamma distribution for the distance decay parameter, that is, the population of trip makers is heterogeneous with respect to this parameter (Fotheringham and O'Kelly 1989) .
However, the exponential function of type (2) has often been used -in recent decades -in the empirical experiments devoted to modelling interaction flows according to SIM (1), by neglecting functions of type (3)-(6), or any other type of impedance function. In addition, the power-decay function is found to be suitable for long-distance interactions, since the power-decay shows a higher tail than the exponential. Interesting features characterize the log-normal function (5), since previous empirical research has shown the relations between log-normal and rank-size distribution (e.g. Parr and Suzuki 1973) .
The Calibration of the Models
The Adopted Procedure
The SIM described in Section 2.2 (see equation (1)) shows that the commuting flows from the origin (district) i to the destination (district) j are dependent on the relationship between the outflows, the inflows, and the deterrence function. In order to estimate the parameters β 1, β 2, β 3, β 4, and γ included in the associated deterrence functions (2)-(6), five expressions of the (unconstrained) SIM (1) have been calibrated. For this purpose, SIM (1) has been transformed into a logarithmic form, as follows:
where K represents the intercept parameter, and f (t ij ) is explained according to the five formulations (2)-(6). Clearly, the linear form of (7) allows an easy fitting of the parameters β 1, β 2, β 3, β 4, and γ within the associated decay functions (2)-(6). The results of these calibrations are illustrated later in Section 2.3.3. Next, Section 2.3.2 shows the real data underlying this calibration procedure. Starting from the above considerations, our objective is to explore and test the feasibility of model (1), by considering the impedance functions (2)-(6) in a real setting, such as the commuting flows in Germany between the 439 districts. The results of the related calibration experiments are illustrated next in Section 2.3.3.
The Observed Data
The Calibration results
The procedure described in Section 2.3.1 -by means of equation (7) -is then applied to the observed data (i.e. the network of commuting flows in Germany), for both 2003 and 2007, in order to explore the variations of the time sensitivity parameters over these years. The related results are illustrated in Tables 1 and 2 . The results displayed in Table 1 (year 2003) and in Table 2 (year 2007) highlight -over the years -rather similar values of the time sensitivity parameters -and hence a rather stable behavioural pattern -for the parameters β 1, β 2 and β 3 . On the other hand, the parameters β 4 and γ exhibit slight variations over the years, thus indicating some changes in the dynamics of the concentration of commuting patterns. Since the R 2 values, for both 2003 and 2007, show that the log-normal and the power-decay functions fit better than the three types of exponential impedance functions, we can conjecture that changes in the (aggregate) commuting behaviour occurred over the years [2003] [2004] [2005] [2006] [2007] . We have estimated the data for the two years separately because a Chow test rejects the null hypothesis of the stability of the coefficients in the two years for all impedance functions. This means that over the years the impact of travel time on commuting flows has changed. The change has been slow though, since the rate of change in the coefficients ranges from a decline of 2.5% for the power impedance function to a decline of 5.4% for the exponential sequential impedance function, over the four year period. Given the small rate of change in the coefficients the impact on the accessibility measure should be limited. The exponential-normal impedance function appears to be an outlier in that the implied rate of change is fairly high: 12.3% over the 4 year-period (about 3% yearly).
The parameter values illustrated in Tables 1 and 2 will now be used for the calculation of the related accessibility functions (Section 3).
The Accessibility in German Commuting Districts
The accessibility concept came to the fore in the 1950s, thanks essentially to Hansen (1959) who defined accessibility as the potential of opportunities for interactions. The quantification, as well as the formulation of theoretical structures for this concept, has assumed various forms in the course of its history (for a review, see Reggiani 1998) .
In this context, it is well-known that, despite the various theoretical formulations, accessibility emerges in its analytical form, as the potential of opportunities:
where A i defines the accessibility of zone i, D j is a measure (or weight) of opportunities/activities in j, and ( ) ij f t is the impedance function from i to j. The impedance function ( ) ij f t can assume different forms. In the present application, we have considered formulas (2)- (6). Amongst all these formulations, equation (8), embedding the exponential-decay function (2) is the most popular one. Equation (8) embedding (2) has often dominated the scientific literature from both the theoretical and empirical viewpoint. For example, equation (8) embedding (2) emerges as the inverse of the calibration factor in an origin-constrained SIM (Reggiani 1998; Willigers et al. 2005) . In addition, the accessibility indicator (8) -embedding (2) -is analytically connected to a logit model; therefore, this type of exponential accessibility can be interpreted -in a microeconomic perspective -as a utility function (see, also Geurs and van Wee 2004; Shi and Ying 2008) . However, the accessibility indicator (8) embedding (6) is also often used (see, e.g. Rietveld and Bruinsma 1998; Hsu and Shi 2008) .
In the accessibility formulation, particular attention should be paid to the time sensitivity parameters embedded in the decay functions (2)-(6), and hence in the accessibility index (8). The time sensitivity parameters might be useful for observing the (aggregate) behaviour of users, and hence utilized for forecast analyses. However, very often, in the empirical applications, the time sensitivity parameters are fixed a priori 5 (usually according to a value between 1 and 2). In this work, we have decided to calibrate these parameters -by means of the calibration procedure previously illustrated (see Section 2) -in order to have an indication of the (aggregate) users' preferences in 2003 compared with 2007. The time sensitivity parameters resulting in Tables 1 and 2 have been then used for the construction of the accessibility indices A i (i.e. for each district i), according to formulation (8) embedding the decay functions (2)-(6). Tables 3 and 4 show the 15 most accessible districts, for 2003 and 2007 , respectively, for four different type of accessibility functions, chosen on the basis of the better fit in the calibration results. In particular, the hierarchical accessibility related to the exponential-normal decay function has not been displayed, given the very low R 2 value of its corresponding SIM (Tables 1 and 2 ).
The rankings of the 439 districts according to their accessibility computed using the four impedance functions do not show large differences, as shown by the correlation coefficient very close to unity. In fact, the minimum correlation observed refers to the pair of rankings obtained using the exponential and the power-decay function (0.892 in 2003 and 0.882 in 2007) , while the highest correlation observed regards the pair of rankings derived from the log-normal and the exponential-square-root impedance function (0.988 in both years), the remaining pair wise correlations falling somewhat in between.
However, the impression of overall stability is misleading because in specific segments of the overall ranking the change is noticeable; the critical segment is the one involving the first 20 to 40 most accessible districts. The difference is especially visible for the rankings based on the exponential and the power impedance functions. For example, the correlation between the ranking of the first 20 most accessible districts using the power-decay and the ranking of the same districts when the exponential-decay is used is as low as -0.177 (in 2003 and -0.256 in 2007) and it is non significant (that is, it is not statistically different from zero). The two rankings are so different that they are in no way related. The same applies by observing the correlation between the rankings of the first most accessible districts associated with a power-decay form and their rankings using one of the remaining functional forms. Generally speaking, the rankings of the most accessible districts implied by the power impedance form do not correlate with the ranking of the same districts when the other functional decay forms are adopted. This is the statistical evidence that warrants and on which we base the rest of the analysis.
The accessibility results emerging in Tables 3 and 4 Tables 3 and 4 reveal the top districts to be those belonging to the Ruhr area or to the west side of the country. On the other hand, the power accessibility function reveals the dominant role of Berlin, Hamburg, München, before indicating the districts of the Ruhr area.
• Finally, it could also be seen that the cardinal values of the first three accessibility functions are rather homogeneous and smooth, while the values of the power accessibility function show more variation and heterogeneity.
The maps 6 displayed in Figure 2 and 3 enable the above results to be visualized. In particular, the difference between the first six maps (accessibility with exponential, exponential-square-root, and log-normal decay functions for both 2003 and 2007) and the two final maps (accessibility embedding a power-decay function for both 2003 and 2007) is rather strong. All the six maps show the dominance of the Ruhr districts, apart from the log-normal map, which displays Berlin, but not Hamburg and Munich as in the power accessibility. It should be noted that these results also confirm previous findings concerning accessibility in the German commuting network for the year 2002 (Reggiani and Bucci 2008) .
Having said this, the next point of concern is related to the topology issue. In other words, we want to explore which type of accessibility indicator -among our five indices -best matches the connectivity network. This further step of our investigation will be carried out by making use of network analysis. It will be dealt next in Section 4.
Network Analysis
Section 4 focuses on network analysis, and especially on how a district's connectivity -and its centrality role -is related to its accessibility.
In recent years, an extensive literature has been devoted to the relationship between many social and economic phenomena and the related network interaction. In this context, although the application fields are substantially different, it has been shown that these networks display common topological patterns. These patterns can be roughly related to two main network models, viz. Random Networks (RN) and Scale-Free (SF) networks, on the basis of the fundamental contributions by Barabási and his collaborators Barabási 2002; Barabási and Albert 1999 and . Researchers in many fields can find several applications of these models: for example in social science, biology, economics, technology and telecommunication (Buchanan 2002; Reggiani and Nijkamp 2006; Reggiani and Vinciguerra 2007; Yook et al. 2002) .
In summary, RN models predict that the probability P(k) that a chosen node has exactly k links (in other words the degree distribution; Barabási and Oltvai, 2004 ) follows a Poisson distribution, while in an SF network this distribution/decay follows a power-law, i.e.
where δ represents the degree exponent. These two contrasting, but also related, features were supported by numerous real-world examples (Joeng 2003) . It is interesting to recall here that the power-law function has also been extensively studied in biology and economic science (Bak 1996; Krugman 1996) . In this context, it is important to identify an SF network, for its clustering character, as well as for its strong features in terms of robustness and vulnerability. Recent simulations of SF networks demonstrate that the damage of just a few of the major hubs (i.e. target attack) will provoke the crash of the whole system. In contrast, RNs are weak against a random attack which will cause the breakdown of the entire network. Good reviews on this topic can be found in, amongst others, Barabási and Oltvai (2004) , Grubesic et al. (2008), and Jeong (2003) . Recent applications in transport concern the identification of an RN vs. an SF network with reference to the evolution of commuting flows (De Montis et al. 2007; Patuelli et al. 2007 and 2010; Russo et al. 2007) , and of air transport flows (Barrat et al. 2004; Reggiani et al. 2010) .
Having said this, it is interesting to detect the most connected districts (according to the incoming links), in the light of the hierarchical accessibility orders previously examined. Table 5 displays the top 15 most connected districts in this respect. Here, we can observe that the first top-5 connected districts match well the top-5 districts emerging from the power accessibility ranking (Tables 3 and 4) , while it is not so for the other types of accessibility rankings (the exponential, exponential-square-root, and log-normal accessibility). Next, we explore the topological 7 features of our commuting network (i.e. the identification of an RN vs. an SF network), by considering the statistical distribution of the incoming links (according to the conventional Barabási's approach). We will then rank the German commuting districts by their incoming connections. Tables 6 and 7 Tables 6 and 7 . First, the good value of the two R 2 coefficients (for both the exponential and power distribution) shows ambiguity in the results. Second, the power distribution clearly resembles a rank-size distribution of Lotka (1925) type, which -according to Parr (1985) -reads as follows:
or in logarithmic terms:
where y represents, in our case, the incoming links of a district, and r is the rank of that district; A is the intercept parameter and represents the maximum number of incoming connections concerning certain districts. Equation (10) is exactly the power distribution applied to the German commuting network. According to Parr, coefficient γ is related to the Law of Income Distribution expressed by Pareto (1964) , which reads as follows:
where α is what is called the Pareto coefficient, inversely related to γ:
In the Pareto equation (11), x is a particular population size, y' the number of cities with population greater than x and A' is a constant. Obviously the logarithmic form of (11):
shows that the axes in this case are transposed -with respect to (10). In equation (10) rank r is plotted on the x-axis, and population on the y-axis, while in Pareto formulation (13) population is plotted on the x-axis, and the cumulative frequency on the y-axis. The Pareto-coefficient α in (13) has been interpreted as an index of concentration by Parr (1985, p. 200) : "Consequently, the lower the value of α, the greater would be the proportion of large cities and the higher the degree of metropolization or interurban concentration." Therefore, since our values of α extrapolated from (12) seem to increase in 2007 compared with 2003, we can conjecture that the network of links is oriented towards a pattern of homogeneity (i.e. the infrastructural network is becoming spread out). In fact, it should be noted here that each link means the existence of an infrastructural arc underlying this link. However, an impedance function of the non-linear type (such as the exponential-or power-decay) concerning the costs associated with this link is not considered in the network analysis of the Barabási type. For example, in the presence of SF networks, it might be appropriate to take into account -in the preferential attachmentdifferent types of decay cost functions 8 , as illustrated in the previous sections. This would certainly constitute an interesting topic for further research in network analysis, as well as a relevant methodological key-issue for interdisciplinary integration between spatial economic analysis and network analysis . As previously outlined, the homogeneity of the network connections, means a 'wide' possibility for the user to reach all the destinations. This is not in contradiction with the pattern of economic variables associated with those links. In other words, the associated economic variables might in principle show agglomeration patterns. If we consider -for example -as population y in (10) the incoming flows, it can be easily seen that the coefficient α shows a slight decrease (from the value of 1.46 in 2003 to the value of 1.45 in 2007), and hence a tendency towards a concentration process (Reggiani and Bucci 2008) . This tendency of the incoming flows towards agglomeration confirms the results, which emerged Section 3 above (accessibility results from SIMs), where the power accessibility indicator seems to show heterogeneous values.
A further reflection concerns the exploration of an additional network index, able to capture the major 'central' nodes and their interaction, by means of the edge-betweenness 9 centrality index.
The edge-betweenness of an edge is defined as the number of shortest paths between pairs of nodes that run along it. If there is more than one shortest path between a pair of nodes, each path is assigned equal weight, such that the total weight of all of the paths is equal to unity. The outcome 10 of the edge-betweenness index in the German commuting network shows the predominance 11 of
Berlin and Hamburg as destination nodes. Once again this result shows consistency with the power 8 See also Reggiani (2009), p. 282. 9 It might also be useful to consider also the co-betweenness indicator. The co-betweenness is a centrality index that provides a measure of the number of shortest paths running through a pair of vertices (Kolaczyk et al. 2009 ). Thus both co-betweenness and edge-betweenness are suitable measures for the analysis of group vertex functioning. In particular cases co-betweennss and edge-betweenness coincide (see Csardi 2010) . Co-betweenness analysis will be pursued in further research. The authors appreciated this suggestion from the referee. accessibility results (see Tables 3 and 4) , even though no impedance function is considered in this network analysis. All in all, we can conjecture that the network of incoming connections in Germany is developing from a homogenous pattern towards a hierarchy of hubs (city network). The study of accessibility in Germany can take into account this hierarchical structure by considering the conventional accessibility specification, where a power impedance function is embedded. In addition, the power accessibility in Germany (Tables 3 and 4) shows a ranking compatible with the one that emerges from the network connectivity (Table 5) .
Final Remarks and Further Research
In this paper the accessibility concept has been considered and applied from two complementary perspectives: (a) spatial-economics; (b) network analysis. In the spatial-economic context (a) five different decay functions where inserted the conventional accessibility function associated with a spatial interaction model (SIM). The first three decay functions are related to the exponential, the exponential normal, and the exponential square-root decay function; the fourth decay function is expressed by the log-normal, while the last one embodies the power form. The rationale behind these experiments is to explore the potential of these five accessibility functions in capturing the dynamics of commuting patterns in Germany. In addition, the associated connectivity network was investigated by means of network analysis (b), in order to identify which one of the five adopted accessibility functions is better able to grasp the homogeneity/heterogeneity of the dynamic commuting patterns in Germany.
These experiments -carried out for both the year 2003 and 2007 -showed the following findings:
• The two approaches (a) and (b) highlight -in principle -the same result, i.e. the potential of the power form in capturing the accessibility and concentration patterns in Germany.
• First, the power-decay form seems to better suit the dynamics of accessibility patterns in Germany as it better fits the associated SIM in both 2003 and 2007.
• Second, the connectivity results confirm that the most connected districts are those emerging from the power accessibility indicator, by revealing a hub-network of districts, and hence, the tendency, in Germany, towards a multiplicity of nodes.
• Consistent differences in the accessibility results between the power accessibility and the other four types of accessibility appear. In particular, the power accessibility indicator extrapolates three main nodes (Berlin, Hamburg, München) -for both 2003 and 2007 -in addition to the Ruhr districts (Frankfurt, Köln, Düsseldorf) that are also highlighted by the other three decay accessibility forms. Moreover, the related accessibility values of the power accessibility display discontinuous and heterogeneous values, while smooth and less discontinuous values characterize the other four types of accessibility.
All in all, the above experiments seems to indicate -by means of the power accessibility indicator -a trend towards heterogeneity in the commuting network, where the 'city-network', composed of the main hubs/attractors, seems to play a significant socio-economic role.
Further research is then oriented to explore the commuting network of the top-15 districtsidentified as the most accessible/attracting ones in the power accessibility results -in order to explore the accessibility patterns among these 15 districts, in the light of recent infrastructure interventions (e.g. high speed train). In this context, particular attention will be devoted, in the calibration of the parameters, to the analysis of a simply-constrained or doubly-constrained SIM.
Reflections on further theoretical links between spatial economic analysis and network analysis will also be pursued. For example, the relationship 'rank-size rule power-law', already explored in spatial economics (see, e.g., Batty 2007; Duranton 2002; Krugman 1995; Parr 1985) , also needs to be revisited in the network analysis framework, to better investigate the related economic significance. 
